Accumulation of unmanaged agroindustrial solid wastes especially in developing countries has resulted in an increased environmental concern. Recycling of such wastes as a sustainable construction material appears to be a viable solution not only to the pollution problem but also an economical option to design green buildings. This paper studies the application of several agroindustrial wastes in brick manufacturing, which include cocoa shell, sawdust, rice husk and sugarcane. First, the mineralogical and chemical composition of the wastes and clayey soil were determined. Next, bricks were fabricated with different quantities of waste (5%, 10% and 20%). The effect of adding these wastes on the technological behavior of the brick was assessed by compressive strength, flexural strength and durability tests. Based on the results obtained, the optimum amounts of agroindustrial waste to obtain bricks were mixing 10% of cocoa shell and 90% of clayey soil. These percentages produced bricks whose mechanical properties were suitable for use as secondary raw materials in the brick production.
Introduction
Agroindustry generates considerable quantities of solid wastes which are rich in organic matter and could constitute new materials for value added products. Because of their biodegradable nature, several agroindustrial residues can be safely disposed of; however, the amount of discharged residues is expected to increase dramatically in the future. In Colombia, they are mostly underutilized, untreated and thus in most cases disposed off by unplanned landfilling. Due to increasing landfill costs, stricter environmental regulation and current interest in sustainable development, the effective recycling of agroindustrial residues for the manufacture of bricks of greater value to mitigate the depletion of resources and environmental impact has become an increasing concern in recent years. Traditional construction materials, including bricks, are being produced from existing natural resources, which is destroying the environment due to their continuous exploration and depletion. On the other hand, large concentrations of toxic substances are emitted into the atmosphere during the manufacturing process of construction materials, which has a strong negative environmental impact. Consequently, major changes regarding the conservation of resources and recycling of wastes by proper management are taking place in our ways of living and working [1] . Many authorities and investigators are lately working to have the privilege of reusing the wastes in environmentally and economically sustainable ways [2] . Therefore to satisfy the continuously increasing demand, researchers are incorporating solid wastes for the manufacturing of novel construction materials to develop sustainable alternative solutions. From the standpoint of energy saving and conservation of natural resources, the use of alternative constituents in construction materials is now a global concern [1] . It well known that almost all the buildings comprise a structure of reinforced concrete and facade made of brick walls [3] . Attempts have been made to incorporate several industrial wastes in the manufacturing of bricks, including paper-making pulp [4] [5] , cigarette butts [6] , steel slag [7] [8] , fly ash [9] [10] , water treatment sludge [11] [12] , thin film transistor liquid crystal display optical glass [13] , processed tea [14] , sawdust [15] [16] , cotton waste [17] , polystyrene fabric [18] , rubber [19] , granite sludge [20] , limestone powder waste [15, 17] and waste foundry sands [21] . These studies demonstrated that the use of waste materials can save energy and enhance brick quality. The purpose of our research was to develop a comparative study on the use of several agroindustrial wastes (cocoa shell, sawdust, rice husk and sugarcane) in the manufacturing of bricks. The experimental study includes a laboratory simulation of the industrial brickmaking process to assess technological feasibility, and technological trial to validate prior results.
Experimental procedure

Preparation of the samples
The materials used for the manufacture of agroindustrial solid waste-based bricks (ASWBs) consisted of raw clayrich material, cocoa shell, sawdust, rice husk and sugarcane. The raw clay-rich material used in this study was supplied by ERGO Durán & García Brick Company Ltda., from the brick plant in Girón, Santander (Colombia).The clayey soil is currently used by this company to make fired bricks of different shapes and sizes with dimensional tolerances that conform to ASTM Standards. Agroindustrial solid wastes were obtained from the supply and storage center (Centroabastos), Santander (Colombia). Their use should be promoted as an appropriate and alternative low cost but high quality building technology. Calculated amounts of cocoa shell, sawdust, rice husk and sugarcane were added to the clayey soil and mixed in a mortar to obtain good homogenization. To enable comparative results, three samples per series were prepared for the tests. The necessary amount of water was added to the samples to obtain adequate plasticity and absence of defects, mainly cracks, during the semi-dry molding stage, using a mold of 50 x 60 x 90 mm. Agroindustrial solid waste-free mixtures were also prepared as a control. Therefore, ASWBs with a cross section of 50x 60 mm and a length of 90 mm were obtained. Samples were fired in a laboratory furnace at 800 o C for 4 h. Samples were then cooled to room temperature by natural convection inside the furnace. The shaped samples were designated as C (control) for the bricks without agroindustrial solid waste and ASWxB for the mixtures, where ASW and x denotes the type of residue incorporated (CS -cocoa shell; SD -sawdust; RH -rice husk, and SC -sugarcane) and its content (%) in the clay matrix, respectively.
Properties of materials
Qualitative determination of major crystalline phases present in the clay-rich material was achieved by using a powder X-ray diffractometer (PhilipsPW1710), operating in Bragg-Brentano geometry with Cu Kα radiation (k = 1.5406 Å), 40 kV and 40 mA, and secondary monochromation. Data was collectedin the 2-70º 2θ range (0.02º step size). The crystalline patterns were compared with the standard line patterns from the Powder Diffraction File database supplied by the International Centre for Diffraction Data (ICDD), with the help of the Joint Committee on Powder Diffraction Standards (JCPDS) files for inorganic compounds. The major crystalline phases found in the clay-rich material are quartz, montmorillonite, halloysite, donpeacorite and osbornite (Fig. 1) .
The morphology of the agroindustrial wastes ( The particle size distribution of the clay-rich material was obtained by Niño et al. [22] , combining sieve and hydrometer analyses according to the standards ASTM C136-06 [23] and ASTM D1140-00 [24] , revealing that it is mainly composed of sand particles (87.80%), with 13.63% of fine particles and 1.57% of gravel particles, corresponding to a sandy clay soil. Niño et al. [22] also reported the Atterberg's limits of the clay-rich material according to the standard ASTM D4318-10 [25] , with the following results: liquid limit of 35%, plastic limit of 17% and plasticity index of 18%. C and relative humidity of 83.5%. Then, it was subjected to the following steps: rough crushing with a Retsch Jaw Crusher BB200 to ~2 mm, milling with a Retsch RM100 mortar grinder mill to clay particle size and sieving with a 200 mesh Ro-Tap sieve shaker (using 4, 10, 20, 40, 60, 100 and 200 mesh series). The agroindustrial residues were dried for 24 hours under the direct sunlight to remove the excess moisture. Then, they were cut in fragments of different average dimensions. In order to determine the effect of the addition of agroindustrial residues on the engineering properties of ASWBs. Different amounts of ASWBs (5%, 10% and 20%) were chosen for the mix design of the ASWBs. The mix proportions were prepared based on the dry weights of the ingredients. The quantities of the dry materials obtained from the mix design were measured in each case with the aid of a weighing balance. First, the dry materials were mixed by hand with a spade on a hard surface until they reached a uniform color. Then, water was added and mixing continued until a homogeneous mixture was obtained. The resultant mixtures were compacted manually in appropriate molds using predetermined masses corresponding to the maximum density (found from standard compaction tests). The units of ASWBs were manufactured with cuboidal shape and standard size (60 x 50 x 90 mm). The specimens were dried at 100 o C for 24 hours, removed from the molds and were fired in a (TERRIGENO) furnace at 800 o C. The fired samples were tested for compressive strength, flexural strength, and Mg2SO4 and H2SO4 attack. All tests were carried out according to ASTM standards and the results reported are the mean of three values. Fig. 4 illustrates the preparation of the ASWBs. In order to obtain comparable results, a total of 12 ASWBs (3 for each mixture) were prepared for testing four different series. The shape and size tolerances have been respected. ASWBs were cured for 28 days under the following environmental conditions: average temperature of 25 o C and relative humidity of 80%. Too much clay will cause cracks in the blocks while too much sand will cause the blocks to crumble. The suitable soil must contain the right proportions of sand, silt, clay and water. The swelling/shrinkage behavior of the 28-days cured ASWBs was determined as follows. Immediately after the fabrication of the ASWBs, their dimensions were recorded and at the end of the 28-day curing period, a record of their dimensions was also taken. There was no significant dimensional or volume increase in any of the ASWBs. No defects such as cracks and bloating were observed after firing. However, a texture characterized by black cores are developed after firing, which can be attributed to organic matter that is not completely burned during firing [26] [27] . In general, the color of the fired samples was reddish, which is similar to that observed in the formulas without wastes, although somewhat lighter as the proportion of waste increases. Engineering tests were conducted in a computerized device for mechanical assays according to the ASTM C67-11 standard [28] . A Universal Testing Machine (MTS 810) with a maximum load of 500000 N was used in the testing procedure, taking into account its accuracy (0.01), flexibility, high performance, and innovative standard features; large test space to accommodate standard, medium and large size specimens, grips, fixtures and environmental subsystem, and environmental chamber dimension: 500 x 255 x 350 mm. Data were recorded automatically to the computer system which the user can manipulate the collected results. The compressive strength test was conducted with a crosshead speed of 0.5 mm/min. This test was performed according to ASTM D 2166-00e1 [29] . The test was carried out as follows: ASWBs were placed between two steel bearing plates (on the top and on the bottom), which were identical (length, width and thickness were respectively 100 x 40 x 5 mm). The load strain reading at failure was recorded; it was the maximum load the specimen could carry in compression. The threepoint bending flexural strength test was conducted with a cross head speed of 0.2 mm/s and a distance between the supports of 90 mm. This test was performed according to ASTM D 1635-00 [30] . The procedure performed on the ASWBs was as follows: two cylindrical steel rollers (length of 100 mm and diameter of 5 mm) were set at a distance of 99-129 mm apart on the bottom steel support plate (length, width and thickness were respectively100 x 40 x 5 mm). The ASWBs were placed over the bottom steel support plate, which reduced the frictional forces between the rollers and the ASWBs. A loading steel roller identical to the two described above was set on top of the ASWBs. The load was applied via a steel roller, identical to those described above, directly onto the ASWBs. The maximum load until the occurrence of the first crack was recorded as flexural strength. Upon crack occurrence, the strength decreased. This test provides values for the modulus of rupture (MR) of the ASWBs. MR can be calculated according to Varela et al. [31] using Eq. (1).
Sample preparation, mix compositions and testing
( 1 )
Where MR is the flexural modulus of rupture (MPa), P is the maximum applied load (N), a is the distance between line of fracture and the nearest support (mm), b and d are the width and thickness of the specimen (mm), respectively. The total water absorption capacity of the ASWBs established by the water absorption (WA) test. After 28 days of curing time, the dry specimens were weighed. Then, they were subjected to 24 h submersion. The water of absorption can be determined from the moist weight of specimens after submersion according to the standard ASTM C67-11 [28] . Tables 1-2 . The ASWBs containing residues expanded slightly when fired at 800 o C, resulting in a typical behavior of porous bodies. This may be due to the high content in quartz of the clay that is inert at the studied temperature which reduces the contraction of the piece, as well as to the increase in porosity due to the high content in organic matter in the organic residues. All ASWBs showed a contraction at this temperature. The weight loss experienced by the samples upon temperature increased with respect to the residue content at 800 o C for all types of wastes. This weight loss could be due to the elimination of the organic matter from the clay and residue by means of combustion and to the elimination of water content from clay mineral due to dehydroxylation reactions in the clay as suggested by Eliche-Quesada et al. [32] . Table 1 . Average results for compressive and flexural strength tests of the ASWBs.
Results and discussion
Some of the physical and chemical properties of the ASWBs are presented in
Trial (T) Mix Code
Compressive strength Flexural strength 15 According to Romero et al. [33] , it is apparent that open porosity in the ASWBs decreases when the amount of liquid phase tends to approach the particles. The temperature decreased the porosity of the ASWBs. The changes in this property were notable with the addition of sawdust, while the addition of cocoa shell, rice husk and sugarcane produced minor differences in apparent porosity similar to results obtained by Eliche-Quesada et al. [32] . The addition of agroindustrial wastes increased the porosity of the ASWBs, however this effect is expected, since the organic matter of the wastes were eliminated during the thermal process, leading to an increase in the open porosity of the ceramic bodies. Water absorption, firing temperature and type and content of the residue affects the quality of the final material and its durability significantly [32] . According to Niño et al. [22] , the clayey soil showed an average water absorption of 30.21%. The addition of waste should produce a significant increase in water absorption. However, the combustion of organic matter acted differently in the formation of interconnected surface porosity [32] . Fig. 5 illustrates the compressive strength and flexion strength test and set up. The typical load and compressive strength test is shown in Fig. 5a -5b. The average compressive strength of the ASWBs as a function of waste content is presented in Fig. 6 and results are depicted in Table 1 . 6 shows that the compressive strength tends to decrease with the waste addition except for sawdust-based bricks, which can be related to the higher apparent porosity than clay bricks without residues. The results were better for cocoa shell, with a higher compressive strength using 5 wt.% of cocoa shell, which can be explained by the presence of oil in the waste as suggested by Eliche-Quesada et al. [32] , oily films form between particles, acting as lubricants during formation of the clay body and permitting more efficient packing. This phenomenon would promote an increase in mechanical properties of ASWBs. However, a greater percentage of cocoa shell (10 and 20 wt.%) may generate oil pockets that result in pores after firing and contribute to a decrease in compressive strength as reported by Monteiro and Vieira [34] . Nevertheless, in all ASWBs, including those with higher percentages of waste addition, compressive strengths are always less than the minimum amount (10 MPa) required by existing regulations, except for the 5 wt.% of cocoa shell-based bricks, which produced compressive strength values around 10 MPa.
The typical load and deflection in the beam-flexural test is shown in Fig. 5c-5d and results are depicted in Table 1 . The average MR of the ASWBs as a function of waste content is presented in Fig. 7 and results are depicted in Table 1 . Fig. 8 illustrates the experimental set up for ASWBs under Mg2SO4 and H2SO4 attack.
Figs. 9-10 illustrate the average compressive strength and MR for all ASWBs attacked by Mg2SO4 and H2SO4, respectively, and results are depicted in Table 2 . Fig. 9 shows the average compressive strength of ASWBs with different percentages and type of agroindustrial wastes before and after Mg2SO4 attack. As can be seen, ASWBs shows a strong decrease in the compressive strength after Mg2SO4 attack, with residual values that decreased with days of attack, although with cocoa shell-based bricks kept slightly higher compressive strength values compared with the rest of the ASWBs, and the highest compressive strength values after 15 days of Mg2SO4 attack. However, data from 20 wt.% of cocoa shell addition were not reported. Fig. 10 shows the average MR of the ASWBs with different percentages and type of agroindustrial wastes before and after H2SO4 attack. As can be seen, ASWBs (5 wt.% addition) show lower MRs than bricks made solely with the clayey soil, except for sugarcane-based bricks, which showed higher MR values after H2SO4 0.25M attack. On the other hand, the MR decreased with increasing H2SO4 concentration, except for rice husk-based bricks. With 10 wt.% of waste addition, at low H2SO4 concentration, the MR decreased for sawdust-and sugarcane-based bricks, and increased for cocoa shell-and rice husk-based bricks. These results were also obtained at high H2SO4 concentration. However, with increasing H2SO4 concentration, the MR decreased for cocoa shell-and rice husk-based bricks and increased for sawdust-and sugarcane-based bricks. With 20 wt.% of waste addition, at low H2SO4 concentration, the MR increased for all ASWBs, except for cocoa shell-based bricks (data not reported). These results were also obtained at high H2SO4 concentration. However, with increasing H2SO4 concentration, the MR decreased for all ASWBs, except for sawdust-based bricks. For cocoa shell-based bricks, data were not reported.
After performing durability and strength tests on the ASWBs, results show that most of them perform below the acceptable level in all tests, except for the cocoa shell-based bricks.
Conclusions
During different agroindustrial activities, huge quantity of solid wastes can be generated as by-products, which pose major environmental problems as well as occupy a large area of land for their storage/disposal. There is a tremendous scope for setting up secondary industries for recycling and using such huge quantities of solid wastes such as minerals or resources in the production of construction materials. Environment-friendly, energyefficient, and cost-effective alternative materials produced from solid wastes will show a good market potential to fulfill people's needs in rural and urban areas. This study shows that viable bricks can be manufactured with the addition of different percentages of agroindustrial wastes to the traditional clay mix. At the temperature investigated, changes occurred in the values of the bulk density, water absorption and apparent porosity with waste addition, which in turn caused changes in the porosity. Apparent porosity and water absorption values increased with the addition of residues. During the sintering process, the development of a liquid phase caused a decrease in open porosity and water absorption. This increased the compressive strength by reducing the porosity content. Because water absorption is related to the durability of bricks and because the compressive strength of ceramic materials is the most relevant engineering quality index for building, the cocoa shell-based bricks obtained at 800 o C had the best quality. The results indicated that is possible to obtain ASWBs mixing 10% of cocoa shell and 90% of clayey soil, which fulfill the technological standards for traditional bricks and possess mechanical properties similar to those of clay bricks without this waste. Use of these residues could have practical implications as a means of recycling and for achieving cost savings in brick production, since fewer raw materials would be required.
